In focal ischemia of rats, the volume of ischemic lesion correlates with the number of peri-infarct depolariza tions, To test the hypothesis that depolarizations accelerate in farct growth, we combined focal ischemia with externally evoked spreading depression (SD) waves, Ischemic brain in farcts were produced in halothane-anaesthetized rats by intra luminal thread occlusion of the middle cerebral artery (MCA), In one group of animals, repeated SDs were evoked at IS-min intervals by microinjections of potassium acetate into the fron tal cortex, In another group, the spread of the potassium-evoked depolarizations was prevented by application of the N-methyl D-aspartate (NMDA) receptor antagonist dizocilpine (MK-80 I), The volume of ischemic lesion was monitored for 2 h by diffusion-weighted imaging (DWI) and correlated with electro physiological recordings and biochemical imaging techniques, In untreated rats, each microinjection produced an SD wave and a stepwise rise of the volume and signal intensity of the In focal cerebral ischemia of rat infarct size correlates with the number of peri-infarct spreading depression (SD)-like depolarizations (Mies et aI., 1993; Chen et aI., 1993). These depolarizations are generated in the border zone of the ischemic lesion and spread into the peri infarct surrounding (Nedergaard and Hansen, 1993; Ne dergaard and Astrup, 1986). Glutamate antagonists such as dizocilpine (MK-801) or 2,3-dihydroxy-6-nitro-7of interest; SD, spreading depression; TE. spin echo.
Summary:
In focal ischemia of rats, the volume of ischemic lesion correlates with the number of peri-infarct depolariza tions, To test the hypothesis that depolarizations accelerate in farct growth, we combined focal ischemia with externally evoked spreading depression (SD) waves, Ischemic brain in farcts were produced in halothane-anaesthetized rats by intra luminal thread occlusion of the middle cerebral artery (MCA), In one group of animals, repeated SDs were evoked at IS-min intervals by microinjections of potassium acetate into the fron tal cortex, In another group, the spread of the potassium-evoked depolarizations was prevented by application of the N-methyl D-aspartate (NMDA) receptor antagonist dizocilpine (MK-80 I), The volume of ischemic lesion was monitored for 2 h by diffusion-weighted imaging (DWI) and correlated with electro physiological recordings and biochemical imaging techniques, In untreated rats, each microinjection produced an SD wave and a stepwise rise of the volume and signal intensity of the In focal cerebral ischemia of rat infarct size correlates with the number of peri-infarct spreading depression (SD)-like depolarizations (Mies et aI., 1993; Chen et aI., 1993) . These depolarizations are generated in the border zone of the ischemic lesion and spread into the peri infarct surrounding (Nedergaard and Hansen, 1993; Ne dergaard and Astrup, 1986) . Glutamate antagonists such as dizocilpine (MK-801) or 2,3-dihydroxy-6-nitro-7-DWI-visible cortical lesion, The volume of this lesion in creased between IS min and 2 h of MCA occlusion from 19 ± 15% to 66 ± 16% of ipsilateral cortex, In dizocilpine-treated animals, microinjections of potassium did not evoke SDs, nor did the volume and signal intensity of the DWI-visible cortical lesion change, At 15 min after MCA occlusion, the DWI visible lesion was larger than in untreated animals-43 ± 16% of the ipsilateral cortex; however, after 2 h, it increased only slightly further to 49 ± 21 %. Slower lesion growth in the ab sence of SDs was also reflected by the volume of ATP-depleted tissue, which, after 2 h of MCA occlusion, involved 26 ± 12% of the ipsilateral cortex in treated and 49 ± 9% in untreated animals (p < 0.(1). These observations support the hypothesis that peri-infarct depolarizations accelerate cerebral infarct growth. Key Words: Cortical spreading depression-Focal ce rebral ischemia-Diffusion-weighted MRI-Rat-EEG-DC potential.
sulfamoyl-benzo (F)-quinoxaline (NBQX) inhibit peri infarct SD and reduce infarct size (Iijima et aI., 1992; Gill et aI., 1992; Mies et aI., 1994) . It has, therefore, been suggested that reduction in infarct volume after applica tion of glutamate receptor antagonists is due to the sup pression of peri-infarct SD (Hossmann, 1994) . However, correlation of infarct size with the number of peri-infarct SDs is not necessarily causal since big infarcts may gen erate more depolarizations than smaller ones. To address this question, we looked at the evolution of brain infarcts by combining focal brain ischemia with microinjections of potassium acetate to produce externally-evoked SDs.
For evaluation of infarct growth, we used diffusion weighted magnetic resonance (MR) imaging (DWI). DWI has found wide application for acute studies of experimental stroke as it is able to detect the ischemic lesion within minutes after onset of circulatory impair ment (Moseley et al., 1990) . Recently, it has been dem-onstrated that SDs also cause changes in signal intensity in DWI (Busch et aI., 1995; Hasegawa et aI., 1995; La tour et a!., 1994; Rother et a!., 1996) . Therefore, both the ischemic lesion and the externally evoked SDs can be detected by this imaging modality. Another method ological advancement is the development of electro physiological recording techniques that allow simulta neous artifact-free registration of electrophysiological and MR data . Finally, fluorescence and bioluminescence techniques are available that permit precise volumetric evaluation of biochemical distur bances (Kogure and Furones Alonso, 1978; Csiba et aI., 1983; Paschen et aI., 1981) . By combining these tech niques, we show that externally-evoked SDs do, in fact, accelerate the evolution of ischemic infarcts.
MATERIALS AND METHODS

Surgical procedures
Male Wistar rats (n = 12) were anesthetized with 1.5% halothane in a 70%/30% (vol/vol) mixture of N20/02• Cath eters were inserted into a femoral artery and vein (for blood sampling, blood pressure recording, and intravenous infusion of drugs) and into the abdomen (for the peritoneal injection of dizocilpine). Animals were tracheotomized and artificially ven tilated. Pancuronium bromide (0.3 mg/kg/h) was given intra venously for immobilization, and halothane was then reduced to 0.8%.
Middle cerebral artery (MCA) occlusion was carried out in the (MR) tomograph using a remotely controlled intraluminal thread occluder, as described in detail elsewhere (Kohno et aI., 1995) . In brief, a guide sheath was fixed next' to the carotid bifurcation at the digastric muscle. A monofilament occluder, thickened with silicone to 0.28 mm at its distal end and con nected to an extension tube, was inserted through the guide sheath and into the proximal end of the isolated external carotid stump into the internal carotid artery. After placement of the animal in the magnet and acquisition of control images, the occluder was advanced, under remote control, through the skull base until occlusion of the MCA origin was achieved. Success ful occlusion was confirmed by a reduction of the EEG ampli tude.
At regular intervals, arterial blood samples were extracted for measurement of blood gases, blood glucose, and hematocrit, and replaced by intravenous saline. Body temperature was re corded with a rectal thermometer and maintained at 37°C with a feedback-controlled warm-water blanket. Animals were fixed prone in a nonmagnetic stereotaxic headholder for accurate positioning in the magnet.
Electrophysiological recordings and induction of cortical SD
Animals were prepared for electrophysiological recordings and induction of SO within the magnet . The skull was exposed by a midline incision and calomel elec trodes were placed over the frontoparietal cortex 2 mm poste rior and 2 mm lateral of the bregma (active electrode) and on the nasal bone (reference electrode). The calomel electrodes were made from L-shaped glass tubes to keep the metallic parts (which could generate artifacts in the images) well out of the imaging plane. Contact to the thinned skull was made with a saline-rinsed cotton wool ball. This method allowed simulta-neous artifact-free recording of electrophysiological and MR data. EEG and direct current (OC) potential were displayed on a strip-chart recorder and stored on magnetic tape. SO-waves were evoked by repeated intracortical microinjec tions of 2 I.d isotonic 0. 15 M potassium acetate (Gorelova et aI., 1987 ) through a micropipette, whicb was inserted I mm into the frontal cortex through a burrhole prepared 4 mm anterior and 2 mm lateral of the bregma.
MR experiments
MR experiments were performed on a 200 MHz BIOSPEC svstem (Bruker, Karlsruhe, FRG) with a 30 cm diameter hori z�ntal magnet. The system was equipped with an actively shielded gradient coil system (maximum gradient strength 100 mT/m; rise time < 250 JLs). Radiofrequency (RF) pulses were transmitted using a 12-cm Helmholtz coil arrangement. The MR signal was acquired with a 16-mm surface coil placed over the skull. RF coils were decoupled from each other-the trans mitter coil actively and the receiver coil passively.
Multislice OWl was performed with a Stejskal-Tanner pulsed gradient spin echo sequence (Stejskal and Tanner, 1965) . For this purpose, the diffusion-encoding gradient was applied along the read-direction (i.e. up-to-down orientation in the coronal image planes) with a diffusion-weighting factor: b = 1,500 s/mm1. Oue to the availability of high gradient power, the sequence could be optimized for short TE, 32 ms, resulting in minimization of T 2-dependent signal loss.
Six coronal slices with a thickness of I mm and a 0.75 mm interslice gap were recorded with a field of view of 40 mm. Recovery time (TR) was 2,325 ms and matrix size was 128 x 128. No averaging was done, resulting in an experimental time of only 5 min for each multi slice set.
Imaging of tissue pH and ATP content
At the end of experiments, the heads of rats were frozen in situ with liquid nitrogen. Brains were removed in a cold box, and cut in the same planes as were the MR slices using a cryostat microtome. Tissue pH of freshly cut sections was im aged using the pH-sensitive fluorescent dye umbelliferone, and ATP content, using the firefly bioluminescence method. Oetails of these methods have been described previously (Kogure and Furones Alonso, 1978; Paschen et aI., 1981; Csiba et aI., 1983) .
Experimental protocol
Animals were randomly divided into two groups. The un treated group (n = 6) received an intraperitoneal injection of I ml saline 25 min prior to MCA occlusion, and the treated group (n = 6). an injection of 3 mg/kg dizocilpine (MK-80 1) dis solved in I ml saline to prevent the spread of potassium induced depolarizations.
Three control OWl multi slice sets were acquired prior to the first potassium application. Then, two microinjections of po tassium were carried out at 15-min intervals and synchronized with the start of a series of three OWl multisliee acquisitions. MCA occlusion was then performed by advancing the intralu minal thread occluder, followed again by the acquisition of three OWl multislice sets. Finally, six potassium microinjec tions were performed at 15-min intervals, starting 15 min after MCA occlusion, and each microinjection was again synchro nized with the acquisition of a series of three OWl multislice sets.
Health, Bethesda, MD, U.S.A.). Difference maps of DWIs were produced by subtracting the average of three control images from all the subsequent images. The lesion areas at every in dividual time point were determined by a semiautomated in tensity histogram algorithm (Eis et aI., unpublished data), the threshold of the ischemic lesion being set at two SDs above the mean pixel value of the contralateral nonischemic hemisphere.
The lesion areas in pH and A TP images were calculated by semiautomatic thresholding, with correction for tissue swelling according to Swanson et al. (1990) . Tissue acidosis was defined as the fall of pH to <6.4, and impaired ATP content as a 30% decrease below the value of the contralateral hemisphere. These thresholds correspond approximately to two standard devia tions of the mean pixel values of the opposite, nonischemic hemisphere. Cortical lesion volumes were measured by sum ming the products of cortical lesion areas and interslice dis tances and expressed as percentage of the total ipsilateral cor tical volume.
In this study, the penumbra is defined as an area of increased DWI signal intensity in which ATP is not depleted (Kohno et aI., 1995) . The size of penumbra was, therefore, calculated by subtracting the volume of ATP depletion from the volume of the DWI-visible lesion. DWI signal intensities were obtained from regions of interest (ROls) placed in a central slice at the level of bregma. ROIs were placed in the caudate-putamen for the core of the lesion, in the intermediate part of the cortex for the penumbra, and in the fronto-parietal cortex for nonischemic tissue.
All data are given as means ± 1 standard deviation. Statistical analysis was performed for each parameter by one-way analy sis of variance (ANOY A), followed by Scheffe's F-test; p < 0.01 was accepted as significant.
RESULTS
Physiological variables
The physiological parameters before and after MeA occlusion are summarized in Table 1 . After application of dizocilpine and before MeA occlusion, a marked drop in blood pressure was observed, as compared to the un treated group (l09 ± 14 versus 85 ± 14 mm Hg, respec tively). All other variables were kept within normal range and did not differ significantly between the two groups during the entire length of the experiment. Figure 1 shows continuous electrophysiological re cordings of an untreated and a MK-801-treated animal throughout the experiment. Under control conditions, microinjections of potassium acetate evoked cortical SDs in all animals. The duration of SD was 3.1 ± 0.4 min and the mean amplitude (recorded monopolarly through the thinned bone) was 1.9 ± l.0 mY.
SDs and peri-infarct depolarizations
After MeA occlusion, all untreated animals continued to respond to potassium injections in the same way as during the control period. Five of the six untreated ani mals also exhibited an early spontaneous depolarization at 6.4 ± 5.6 min after vascular occlusion, with a mean amplitude of 2.4 ± 1.4 mY and a mean duration of 3.1 ± 1.4 min. Altogether, the six animals generated 10 further spontaneous depolarizations at a later time, with a mean amplitude of 1.7 ± 0.6 mY and a mean duration of 2.2 ± 0.5 min. Together with the six externally induced SDs, the mean number of depolarizations thus amounted to 7.2 ± 1.0 per animal in the period between 15 min and 2 h after MeA occlusion.
Treatment with dizocilpine abolished all evoked and all but one of the spontaneously occurring SDs; this SD occurred at 105 min after MeA occlusion. Two animals had a single episode of seizures after MeA occlusion, one in each group.
DWI
MeA occlusion led to an increase in signal intensity in the central parts of the MeA territory in all animals. These hyperintense areas were already detectable in the first multislice set of DWls acquired during the initial 5 min after MeA occlusion. These areas progressed in size and intensity, although to a different degree, depending on the timing of potassium-induced SDs and the treat ment of animals. The following analysis is restricted to the cerebral cortex since cortically-induced SDs do not propagate into subcortical regions.
In the untreated group, microinjection of potassium 
Polygraphic recordings of EEG, DC-potential, and sys temic arterial pressure before and after MCA occlusion in rat. In the untreated animal, each intracortical microinjection of potas sium acetate (K+) induced a wave of spreading depression (SD). In addition, two spontaneous SDs were observed. In the animal treated with the glutamate antagonist dizocilpine (MK-801 ) 25 min before MCA occlusion, SDs were totally abolished. Record ings were carried out in the magnet of the 4.7 T BIOSPEC system during acquisition of DWls (note absence of electrical artifacts). DC, cortical steady potential; EEG, electroencephalogram; SAP, systemic arterial pressure.
acetate produced transient hyperintensities throughout the ipsilateral cortex in all cases before and in 33 of 36 applications after MCA occlusion. Before MCA occlu sion, SD-induced hyperintensities were fully reversible but, after the onset of ischemia, a small rim around the ischemic lesion did not recover, leading to the stepwise growth of the DWI visible lesion (Fig. 2) . This is also shown in Fig. 3 , which demonstrates examples of the quantitative evolution of the DWI-visible lesion during the first 2 h after MCA occlusion in a coronal slice passing through the center of the ischemic territory. Each potassium-induced SD caused a sharp increase in the lesion size that was only partially reversed after SD had ceased. The corresponding changes in DWI signal inten sity are shown in Fig. 4 . In the peripheral part of the nonischemic cortex, SDs produced transient hyperinten sities that were fully reversible, in accordance with pre vious observations of SDs evoked in nonischemic ani mals. In the core of the ischemic lesions, SDs did not modulate signal intensity since, in this region, tissue was already depolarized. In the penumbral border zone, on contrast, SD-induced hyperintensities were only partially reversed until, after four or five depolarizations, this re gion was no longer distinguishable from the infarct core. The effect of SDs on the total volume of cortical lesion is demonstrated in Table 2 . The ischemic lesion involved 19 ± 15% of the ipsilateral cortical volume after 15 min, and 66 ± 16% after 2 h. The difference of 47 ± 13% of ipsilateral cortex is the tissue mass engulfed by the lesion during this interval. In dizocilpine-treated animals, the initial DWI-visible lesion was larger than that in untreated rats, and involved 43 ± 16% of the ipsilateral cortex after 15 min, This difference was obviously due to the lower blood pressure (Table 1) , resulting in a more severe hemodynamic im pact. Microinjections of potassium acetate did not pro duce SDs before or after MCA occlusion (Fig. 1) . Ac cordingly, neither DWI signal intensities (Fig, 4) nor the DWI-visib1e lesion size (Fig. 3) were modulated, and infarct progressed much more slowly. After 2 h of MCA occlusion, the DWI-visible lesion involved 49 ± 21% of the ipsilateral cortical volume; this corresponds to a le sion growth of only 6 ± 17% of the ipsilateral cortex. The comparison of lesion volume increment between the two groups was significantly different (47 ± 13% versus 6 ± l7%, p < 0.01).
Dizocilpine inhibited infarct growth in all directions, as demonstrated by comparing the changes in lesion size in the six slices of the DWI multislice set. Figure 5 shows that the difference between treated and untreated animals was significant in all four slices passing through the MCA territory; this confirms that SD-induced infarct growth is concentric.
A TP and pH imaging
At 2 h after MCA occlusion, regions of ATP depletion and of severe acidosis were visible in all animals (Fig. 6) .
In the untreated group, the volume of cortical ATP depletion amounted to 49 ± 9% and that of cortical aci dosis to 61 ± 9% of the ipsilateral cortex ( Table 2) . Comparison of the biochemical changes with the DWI visible region revealed a closer correspondence with tis sue acidosis than with A TP depletion (Fig. 7 ). This con firms our earlier conclusion that DWI images both the core and the penumbra of the evolving infarct (Kohno et aI., 1995; Hoehn-Berlage et aI., 1995a) .
In dizocilpine-treated animals, both the volume of cor tical A TP depletion and acidosis were smaller than in the untreated group. The volume of ATP depletion amounted to 26 ± 12%, and that of acidosis to 44 ± 12% of total ipsilateral cortical volume (Table 2) . Dizocilpine thus reduced the core volume more than it did the total isch emic lesion, indicating that inhibition of SD retards mainly the progression of the infarct core into the pen umbra region.
DISCUSSION
The present study demonstrates that the size and se verity of the DWI-visible lesion following MCA occlu sion is aggravated by externally-induced SDs. This ag-FIG. 2. Evolution of the ischemia-induced hyperintense area in OWl before, during, and after the passage of SO. Potassium injections were synchronized with the start of image acquisition to ensure that SOs fitted into the 5-min time frame for recording of each multislice set of images. Every SO was associated with an expansion of the area of increased OWl signal intensity. After the passage of SO, the area of increased signal intensity decreased but did not return to the pre-SO size. Time pOints of intracortical potassium injections are indicated by arrows; one late spontaneous SO is indicated by the star. In the untreated animal, all but the last potassium injection triggered SOs. Every SO wave was associated with an expansion of the area of increased OWl signal intensity. After the passage of SO, the area of increased signal intensity decreased but did not return to the pre-SO value. In the MK-801 treated animal, only the first potassium injection, before MK-801 application, resulted in a SO. After treatment, SOs were abolished and no relationship was found between potassium injections and infarct growth. Note that final OWl-visible lesion of the treated animal was smaller despite its markedly larger initial size.
gravating effect is relieved by the N-methyl-o-aspartate (NMDA)-antagonist dizocilpine (MK-80 I), which blocks the spread of these depolarizations and prevents the associated derangements of ion homeostasis in the periphery of the ischemic territory. This finding supports the hypothesis that SDs accelerate infarct growth (Mies et aI., 1993) and that the therapeutic suppression of SDs minimizes infarct size (Iijima et al., 1992; Gill et aI., 1992; Mies et aI., 1994) . The finding is also in line with results of a recent study of Takano et al. (1996) , who used quantitative apparent diffusion coefficient (ADC) mapping to estimate lesion size and concluded that externally induced SDs cause an expansion of the ischemic lesion. The previously observed relationship between the num-ber of spontaneous peri-infarct SDs and infarct size (Mies et aI., 1993) is, therefore, not merely an epiphe nomenon of the fact that large infarcts produce more SDs.
By comparing the evolution of the DWI-visible lesion with biochemical changes, we are now able to provide more detailed information about the mechanism of the SD-induced infarct growth. During the first 2 h after MeA-occlusion, T2 changes of the ischemic tissue are <10% (Hoehn-Bedage et aI., 1995b) . Nevertheless, we optimized our sequence for short TE (32 ms) to minimize T 2-dependent signal loss, and to ensure that DWI signal hyperintensity was due to diffusion changes and was, Diffusion -weighted imaging: signal intensity Contribution of SOs to OWl intensity changes in ROls placed in the ischemic core, the penumbral border zone, and the nonischemic ipsilateral territory. Potassium-induced SOs caused stepwise increases in signal intensity in the penumbra, indicating progressive injury. SOs did not influence signal intensity in the core, where ischemia caused terminal depolarization. In the non ischemic area, SO-induced changes in signal intensity were fully reversible.
therefore, a measure of lesion severity. As previously shown in our laboratory, DWI detects both the core and penumbra of the evolving infarct (Kohno et aI., 1995; Hoehn-Berlage et a!., 1995a) . The size of penumbra can, therefore, be estimated by subtracting the A TP-depleted tissue, which corresponds to the infarct core, from the DWI-visible lesion ( Table 2) . After 2 h of MeA occlu sion, the size of penumbra was distinctly smaller in ani mals with induced SDs, indicating that the depolariza tions contribute to cerebral infarct growth mainly by transforming the penumbra into irreversibly damaged core tissue. The gradual deterioration of the metabolic status of the penumbra is also supported by Gyngell et al. (1994 Gyngell et al. ( , 1995 , who demonstrated that penumbral lactate increases stepwise with each SD until the concentration approaches that of the core region. Functional evidence for the aggravating effect of re peated penumbral SDs was provided by Graf et al. (1995) , who documented (in cats) that the duration of spontaneous SDs in the vicinity of an acute ischemic infarct gradually increases until, after several hours, de polarizations become terminal. It is, therefore, not sur prising that neurobehavior is also affected by peri-infarct SDs. This has been shown by Alexis et a!. (1995) , who noted a significant aggravation of neurobehavioral dis turbances when MeA occlusion was combined with electrically-induced SDs. In this context, it is noteworthy to mention that some of the neurobehavioral changes may be due to selective neuronal loss in the peri-infarct surrounding. In fact, Nedergaard and Astrup (1986) de tected selective cell changes in cortical layers 2 and 3 as far as 6 mm away from the infarct, a result that is in agreement with the present finding that SD-induced, DWI-visible hyperintensities expand predominantly in the upper cortical layers (Fig. 2) . Selective neuronal loss was also recently described by Back et al. (1996) , who combined photo thrombotic MeA occlusion with exter nally evoked SDs.
Possible mechanisms of SD-induced infarct aggrava tion have been extensively discussed in the past (for review see Hossmann, in press). In normal nonischemic tissue, repolarization of cell membranes after SD in creases metabolic rate (Shinohara et aI., 1979) , which, in turn, is coupled to an increase in blood flow and oxygen supply (Mayevsky and Weiss, 1991; Mies and Paschen, 1984) . Therefore, despite some increase in lactate con tent (Kocher, 1990) , such depolarizations are associated with increased tissue oxygen pressure (Back et aI., J 994) and do not cause disturbances of energy state or mor phological injury (Nedergaard and Hansen, 1988) . This is in contrast to the hemodynamically compromised peri infarct zone, in which SD is not coupled to an appropri ate fl ow response and, therefore, causes transient epi sodes of relative tissue hypoxia (Back et aI., 1994) . The disproportion between oxygen demands and oxygen sup ply causes an impairment of aerobic metabolism, as re tlected by the sharp increase of lactate (Gyngell et aI., 1995) and the gradual prolongation of peri-infarct SD waves (Back et aI., 1994; Graf et aI., 1995) . Repetition of peri-infarct SD also causes severe suppression of protein synthesis (Mies et aI., 1991) and induction of transcrip tion factors (Herdegen et aI., 1993) , i.e., disturbances that are reminiscent of the changes observed in the selec tively vulnerable areas after transient global ischemia 199 4) . Obviously, these pathological changes accumulate until the initially viable peri-infarct tissue is transformed into an irreversible ne crotic lesion.
In contrast to the present experimental situation, SD may also have protective effects against neuronal dam age (Kawahara et aI., 1995) . However, this protection is achieved by pretreatment several days before the isch emic impact and is mediated by an ischemic tolerance phenomenon that is thought to result from the induction of stress proteins. This is different from the post ischemic effect described herein and, therefore, does not invalidate our conclusions. A reasonable deduction of our analysis is the thera peutic suppression of spontaneously occurring SDs for the treatment of focal ischemia. Although this was not the objective of the present study, our dizocilpine-treated group clearly demonstrated that blockade of SDs stabi lized the DWI-visible lesion volume at its initial level and, therefore, minimized the severity of the ischemic injury. This is in accord with similar MR findings of Lo et a1. (1994) and Gill et a!. (1995) and confirms the well-documented fact that glutamate antagonists amelio rate ischemic brain damage (McCulloch, 1994) .
In a strict sense, our study does not provide rigorous evidence for a pathogenetic role for SDs since the thera-peutic effect of MK-80 J could also be mediated by ad ditional protective mechanisms. However, we believe that our study adds strong support to the hypothesis that MK-801 reduces infarct size by alleviating the functional metabolic workload of peri-infarct depolarizations. This evidence is strengthened by the present unintended fact that dizocilpine-treated animals suffered a more severe initial ischemic impact than did untreated rats in the ini tial period before SDs were elicited. This more severe ischemia was apparently caused by the fall in blood pres sure after drug injection (Cole et aI., 1990) and may be different from other experimental situations in which vascular occlusion is performed before application of the drug or after blood pressure has normalized. However, despite this difference, lesion size of the untreated ani mals increased so rapidly that after only 2 h of ischemia, the infarct core was significantly larger than that of dizo cilpine-treated rats.
In conclusion, our study adds further support to the hypotheses that peri-infarct SD plays a dominant role in the evolution of ischemic infarct and that suppression of peri-infarct SDs may be the main mechanism by which glutamate antagonists reduce infarct volume.
